Introduction
Noble metal chemistry is exceedingly impactful and relevant, from catalysis to biomedical research.
1 These elements are interesting in that they can provide selective reactivity as well as low activation barriers for oxidation and reduction. Furthermore, noble metal salts and oxides frequently display unique electrical properties owing to the propensity of the noble metal to occur in more than one oxidation state (mixed-valence). Mixed-valence platinum and gold complexes have been studied as one dimensional metallic conductors. (A = K, Rb, Cs; X = Cl, Br, I), referred to as A 2 Au 2 X 6 compounds hereafter, have received more attention. These materials were first prepared and described crystallographically in 1979 4 as chloride and bromide derivatives 5 and later as iodides. 6 These materials crystallize with both linear Au I I − 2 and square-plane Au III I − 4 subunits, or alternatively described, as a distorted perovskite structure of elongated and compressed AuI 6 octahedra that stack 2 alternatively along the [001] and [110] directions. Under pressure, these materials undergo a phase transition to a cubic perovskite structure (stabilizing the Au(II) ion), where the structure of Cs 2 Au 2 Cl 6 above 12.5 GPa and at room temperature undergoes a transition from the tetragonal I4/mmm space group to the cubic P m3m, 7 and Cs 2 Au 2 I 6 undergoes a transition from I4/mmm to either Immm or Ibmm. 8 As pressure is increased, these Au I I 6 and Au III I 6 octahedra are driven closer to equivalency, and when equivalent, the electronic structure of Au nears the d 9 valence state. Just beneath the phase transition pressure, strong electron-phonon interactions are due to the mixed-valence effect of the Au (which is understood to be fluctuating rapidly), whereas just above the transition, the strong electron-phonon interactions arise from the Jahn-Teller effect. 9 This phenomenon is undoubtedly of scientific interest, especially for studying the interactions of itinerant electrons and the implications of high pressure on conductivity.
Other hybrid organic-inorganic gold iodides have been prepared previously with uni- 
Experimental
Formamidinium iodide (CH(NH 2 ) 2 I) was prepared by combining formamidine acetate with hydroiodic acid. Solid formamidine acetate (1.00 eq, 99%, Sigma-Aldrich) was added to room temperature hydroiodic acid (2.0 eq., 57% wt/wt in aqueous solution, Spectrum.)
After stirring for 2 hours, the excess solvent was removed using a rotary evaporator. The residue was washed with boiling toluene to remove any triazine contaminant, recrystallized from ethanol, vacuum filtered and dried to give white needle habit crystals. The crystals were placed in a vial wrapped in aluminum foil and stored in a glove box.
Methylammonium iodide (CH 3 NH 3 I) was prepared following an acid-base reaction of hydroiodic acid with methylamine. A solution of CH 3 NH 2 (1.00 eq. 33% wt/wt solution in absolute ethanol, Spectrum) was added to a 0 • C solution of hydroiodic acid (1.05 eq., 57% wt/wt in aqueous solution, Spectrum). After stirring for 2 hours at 0 • C, the excess solvent was removed using a rotary evaporator. The residue was recrystallized twice from a hot ethanol/water mixture, washed with ether, and dried under vacuum overnight to give white, plate habit crystals. The crystals were placed in a vial wrapped in aluminum foil and stored in a desiccator.
The (FA) 2 PtI 6 was prepared by dissolving 100 mg (0.376 mg) of PtCl 2 (Strem, 99 .9) in 3.0 g (13 mol HI) fresh 57% wt/wt hydroiodic acid (Spectrum). The hydroiodic acid used contained free iodine due to absence of stabilizer. After dissolution, 84.21 mg (0.752 mmol) of CH(NH 2 ) 2 I was added, prompting formation of a dark precipitate. The solution was brought to a boil, held for 10 minutes, and slowly cooled. Dark cubes of (FA) 2 PtI 6
were washed with ether, isolated via vacuum filtration, and stored in a glove box. Pt(II) is oxidized to Pt(IV) by the free iodine present in the stabilizer-free hydroiodic acid used in the synthetic procedure.
The (MA) 2 Au 2 I 6 was prepared by dissolving 100 mg (0.254 mmol) HAuCl 4 (Strem, 99.9985%) in 3.0 g (13 mol HI) 57% wt/wt hydroiodic acid (Spectrum). The hydroiodic acid used contained free iodine due to absence of stabilizer. were flushed with nitrogen during the diffraction experiments.
Single crystal X-ray diffraction data of the title compounds were collected on a Bruker KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα X-ray source (λ = 0.71073Å). The crystals were mounted on a cryoloop under Paratone-N oil and kept under nitrogen. Absorption correction of the data was carried out using the multiscan method SADABS. 13 Subsequent calculations were carried out using SHELXTL. 14 Structure determination was done using intrinsic methods.
All hydrogen atom positions were omitted. Structure solution, refinement, and creation of publication data was performed using SHELXTL. Crystal structures were prepared using the VESTA software suite. 6 octahedra and disordered formamidinium cations. This structure is the same as K 2 PtCl 6 where Pt forms a face-centered cubic lattice with formamidinium ions in the tetrahedral cavities (in place of the potassium ions) corresponding to the F m3m cubic space group. 16 The formamidinium moiety has a reliably placed C atom but disordered N atoms. However, the disorder appears to have partial preferential orientation, or "clicking", as is depicted in Figure1(a). These orientations provide the greatest level of hydrogen bonding between the amine octahedra tilt in phase in the ab plane, as is commonly seen in related perovskite and metal vacancy-ordered perovskite structures. The tilting of the vacancy-ordered perovskite, as described by Glazer tilting nomenclature, 17 is a 0 a 0 c + , meaning that the octahedra rotate in phase equally in the ab plane, and not at all along the c-axis. Figure 1(c) illustrates the structure of (FA) 2 PtI 6 at 100 K, where the carbon atom is reliably placed. However, in both room and low temperature structures, there was difficulty assigning N density with certainty. To further our understanding of these structures, we determined Fourier difference maps to describe the positive electron density surrounding the formamidinium carbon.
Figure 3: Fourier difference map of the 100 K (FA) 2 PtI 6 structure with 95% probability ellipsoids. F(max)(eÅ −3 ) was 2.597 for this data set, and is displayed with a max level of 0.97. (a) Full structure. (b) Electron density surrounding carbon. (c) Electron density along the 110, 100, and 110 planes. These were chosen to cut the formamidinium carbon atom into 60 degree segments. The two areas of strong density in the center of each plane are the the C atoms, and were purposefully placed for ease of comparison.
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In Figure 2(a) , it is clear that rings of electron density exist in the form of a tetrahedron, with smaller areas of electron density are observed further out. These densities suggest that on average, the nitrogens of the formamidinium cation are found primarily in one of the four lobes, with the possibility of the formamidinium cation orienting in six different directions. This more predictable behavior is expected when compared to a smaller organic cation methylammonium, which is known to shift and tumble to a greater degree, as we describe later for the (MA) 2 Au 2 I 6 compound. The electron density surrounding the formamidinium carbon in the low temperature structure, on the other hand, is less easily described. Figure 3 (a) displays the fourier difference of the full structure, Figure 3 (b) the density surrounding the carbon, and Figure 3 (c) the electron density along crystallographic planes of interest that intersect the formamidinium carbon atom. The data suggests that the formamidinium cation is statically disordered both in position and orientation as the PtI 6 octahedra tilt, preventing translational symmetry of the N atoms to be reasonably discerned. In Figure 3(b) , the oval shaped C ellipsoid and the density surrounding the carbon, leads us to believe that the formamidnium cation can off center substantially without preference during cooling, presenting many possible orientations for the formamidinium cation on average. The electron density maps along the planes of interest agree with this description, as there are many areas of weak electron density which could be attributed to N density. However, as can be inferred from the 110 plane, there is observable electron density in the shape of the formamidinium cation (an elongated X shape), which may be a more probable location for the formamidinium cation. The 110 plane suggests that though the carbon and one nitrogen may reside in the same plane, one of the formamidinium nitrogens may not. These many degrees of freedom of the formamidinium cation prevent reliable crystallographic description at low temperature, but when compared to the alkali cation containing vacancy-ordered double perovskites, the polar formamidinium cation provides potentially accessible properties like ferroelectricity, if the material were aligned with an electric field. This warrants future temperature and electric field depen-dent studies. Furthermore, we expect pressure-induced structural changes to be another area of exploration, similar to work done for comparable vacancy-ordered palladium iodide double perovskites. 18 Figure 4: Crystal structure of [(MA) 2 Au I Au III I 6 ]. (a) 300 K, emphasizing that at room temperature, the structure is best described as discrete subunits of AuI Figure 4 depicts the crystal structure of (MA) 2 Au 2 I 6 at 300 K and 100 K. Figure 4 (a) and (b) show the tetragonal I4/mmm room temperature structure, and the low-temperature P 4 3 2 1 2 structure viewed down the a-axis, respectively. The structure of (MA) 2 Au 2 I 6 at 10 room temperature contains discrete subunits of AuI − 2 and AuI − 4 in addition to considerably disordered methylammonium cations. Much like the modeling that has described methylammonium in methylammonium lead iodide (MAPbI 3 ), 19 it is clear that the cation is tumbling within its cavity, changing orientation rapidly as it hydrogen bonds between one of the twelve nearest neighbor iodide atoms. This is possible due to the low energy barrier for the cation to shift. 20 Interestingly, the structure of (MA) 2 Au 2 I 6 at low temperature, Figure 4 (b), undergoes a distortion which forms buckled Au-I sheets. This suggests that the structure at low temperatures has increased covalent bonding between the Au of the AuI bonding, where the I-I bonding distance is upper bound at 3.3Å, then at 100 K sheets of Au-I square planes and octahedra form infinitely in the ab plane, as is depicted in Figure   4 (b). In regards to the methylammonium cation at low temperature, the structure was solved with a translational symmetry describing the orientation of the methylammonium cation but with understandable difficulty in distinguishing between the nitrogen or carbon atoms of the methylammonium. This is due to low Z contrast. It could be quite similar to methylammonium lead iodide where orientation of the methylammonium cation alternates consistently but this is hard to discern. 
Conclusion
The structures of the vacancy-ordered double perovskite (FA) 2 PtI 6 and the mixed-valence (MA) 2 Au 2 I 6 are reported at 300 K and 100 K. At 300 K, the structure of (FA) 2 PtI 6 can be described with the cubic space group F m3m, and at 100 K with the tetragonal space group P 4/mnc. This reduced symmetry is caused by in-phase tilting of the discrete Pt-I octa- 
